Grassland carbon sequestration and emissions following cultivation in a mixed crop rotation by Acharya, B.S. et al.
Agriculture,
  Ecosystems
  and
  Environment
  153 (2012) 33–
  39
Contents
  lists
  available
  at
  SciVerse
  ScienceDirect
Agriculture,
  Ecosystems
  and
  Environment
jo
 ur
 n
 al
  homepage:
  www.elsevier.com/lo
 cate/agee
Grassland
  carbon
  sequestration
  and
  emissions
  following
  cultivation
  in
  a
  mixed
crop
  rotation
Bharat
  Sharma
  Acharya, Jim
  Rasmussen,
  Jørgen
  Eriksen∗
Department
  of
  Agroecology,
  Aarhus
  University,
  PO
  Box
  50,
  8830
  Tjele,
  Denmark
a
  r
  t
  i
  c
  l
  e
  i
  n
  f
  o
Article
  history:
Received
  7
  December
  2011
Received
  in
  revised
  form
  2
  March
  2012
Accepted
  4
  March
  2012
Keywords:
Carbon
  sequestration
Grass-clover
  mixture
Grassland
  cultivation
Age
Management
a
  b
  s
  t
  r
  a
  c
  t
Grasslands
  are
  potential
  carbon
  sinks
  to
  reduce
  unprecedented
  increase
  in
  atmospheric
  CO2.
  Effect
  of
  age
(1–4-year-old)
  and
  management
  (slurry,
  grazing
  multispecies
  mixture)
  of
  a
  grass
  phase
  mixed
  crop
  rota-
tion
  on
  carbon
  sequestration
  and
  emissions
  upon
  cultivation
  was
  compared
  with
  17-year-old
  grassland
and
  a
  pea
  ﬁeld
  as
  reference.
  Aboveground
  and
  root
  biomass
  were
  determined
  and
  soils
  were
  incu-
bated
  to
  study
  CO2 emissions
  after
  soil
  disturbance.
  Aboveground
  biomass
  was
  highest
  in
  1-year-old
grassland
  with
  slurry
  application
  and
  lowest
  in
  4-year-old
  grassland
  without
  slurry
  application.
  Root
biomass
  was
  highest
  in
  4-year-old
  grassland,
  but
  all
  1–4-year-old
  grasslands
  were
  in
  between
  the
  pea
ﬁeld
  (0.81
 ±
 0.094
 g
 kg−1 soil)
  and
  the
  17-year-old
  grassland
  (3.17
 ±
 0.22
 g
 kg−1 soil).
  Grazed
  grasslands
had
  signiﬁcantly
  higher
  root
  biomass
  than
  cut
  grasslands.
  There
  was
  no
  signiﬁcant
  difference
  in
  the
CO2 emissions
  within
  1–4-year-old
  grasslands.
  Only
  the
  17-year-old
  grassland
  showed
  markedly
  higher
CO2 emissions
  (4.9
 ±
 1.1
 g
 CO2 kg−1 soil).
  Differences
  in
  aboveground
  and
  root
  biomass
  did
  not
  affect
  CO2
emissions,
  and
  slurry
  application
  did
  not
  either.
  The
  substantial
  increase
  in
  root
  biomass
  with
  age
  but
indifference
  in
  CO2 emissions
  across
  the
  age
  and
  management
  in
  temporary
  grasslands,
  thus,
  indicates
potential
  for
  long-term
  sequestration
  of
  soil
  C.
© 2012 Elsevier B.V. All rights reserved.
1.
  Introduction
An
  unprecedented
  increase
  in
  the
  global
  atmospheric
  concen-
tration
  of
  greenhouse
  gases
  since
  1970,
  primarily
  due
  to
  the
  use
  of
fossil
 fuels
 and
 land
 use
 changes
 have
 raised
 the
 global
 attention
 on
the
  use
  of
  soils
  as
  potential
  sink
  for
  atmospheric
  CO2.
  Article
  3.4
  of
the
  Kyoto
  Protocol
  allows
  the
  inclusion
  of
  soil
  organic
  carbon
  (SOC)
as
 a
 mechanism
 to
 account
 and
 reduce
 the
 emissions
 of
 greenhouse
gases
  (IPCC,
  2007;
  Smith
  et
  al.,
  1997).
Storage
  of
  carbon
  in
  soils
  depends
  upon
  the
  C
  inputs,
  rate
  of
decomposition
  of
  SOM,
  soil
  texture
  and
  climate
  (Johnston
  et
  al.,
2009).
  Carbon
  sequestration
  rates
  in
  temperate
  grasslands
  vary
from
  negative
  (Schipper
  et
  al.,
  2007)
  to
  8
 Mg
 C
 ha−1 yr−1 (Jones
and
  Donnelly,
  2004)
  and
  are
  associated
  with
  large
  uncertainties
(Soussana
  et
  al.,
  2004)
  arising
  from
  climatic
  variables
  (moisture
and
  temperature),
  and
  temporal
  and
  spatial
  difference
  in
  sink
capacities
  of
  ecosystems
  (Hutchinson
  et
  al.,
  2007).
  A
  model
  based
estimate
  of
  terrestrial
  C
  sequestration
  by
  Thomson
  et
  al.
  (2008a,b)
reported
  that
  the
  rate
  varies
  explicitly
  with
  time,
  technology
  and
policy
  scenarios.
  Studies
  on
  C
  storage
  suggest
  that
  most
  of
  the
  C
  in
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grasslands
  originates
  from
  below
  ground
  biomass
  (Hungate
  et
  al.,
1997;
  Jackson
  et
  al.,
  2002),
  primarily
  roots
  (Adair
  et
  al.,
  2009).
Larger
  roots
  may
  be
  more
  important
  compared
  to
  small
  roots
  to
enhance
  C
  pools
  (Rasmussen
  et
  al.,
  2010).
  Approximately
  70–75%
of
  root
  biomass
  in
  grassland
  is
  concentrated
  in
  the
  upper
  15
 cm
  of
the
  soil
  horizon
  (Gleixner
  et
  al.,
  2005).
  The
  root
  biomass
  increases
with
  age
  of
  grassland.
  Maher
  et
  al.
  (2010)
  observed
  signiﬁcant
linear
  increase
  in
  root
  biomass
  with
  the
  age
  of
  grasslands
  from
an
  experimental
  site
  in
  Iowa,
  USA.
  Estimates
  show
  that
  organic
  C
in
  soil
  derived
  from
  roots
  of
  temperate
  arable
  land
  and
  grassland
species
  during
  a
  growing
  season
  is
  in
  the
  range
  of
  0.1–2.8
 t
 ha−1;
perennial
  ryegrass
  contributing
  to
  2.8
 t
 ha−1 (Rees
  et
  al.,
2005).
Cultivated
  grasslands,
  also
  called
  rotational
  grasslands,
  are
  an
important
  part
  of
  the
  agricultural
  system
  in
  Europe.
  With
  highly
productive
  grass-clover
  mixtures,
  these
  grasslands
  store
  C
  to
  form
a
  vital
  part
  of
  the
  terrestrial
  reserve.
  However,
  these
  grasslands
  are
temporary
  in
  nature
  and
  frequent
  cultivation
  makes
  SOM
  vulnera-
ble
  to
  C
  losses
  compared
  to
  permanent
  grasslands.
  Approximately,
20–30%
  of
  SOC
  in
  the
  top
  30
 cm
  of
  a
  soil
  horizon
  is
  susceptible
to
  rapid
  losses
  due
  to
  frequent
  cultivation
  in
  temperate
  regions
(Hutchinson
  et
  al.,
  2007).
  A
  range
  of
  ﬁeld
  and
  laboratory
  studies
have
  shown
  C
  emissions
  from
  temperate
  grassland
  to
  be
  affected
by
  management
  practices
  (Ammann
  et
  al.,
  2007;
  Rees
  et
  al.,
  2005;
Bol
  et
  al.,
  2003b).
  As
  C
  stocks
  respond
  differently
  to
  management
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practices,
  an
  increased
  C
  sequestration
  is
  reported
  under
  inten-
sive
  management,
  while
  extensive
  management
  of
  grassland
  is
often
  associated
  with
  C
  losses
  (Ammann
  et
  al.,
  2007).
  Studies
  sug-
gest
  that
  management
  options
  including
  fertilization,
  irrigation,
inter-sowing
  of
  grasses
  and
  legumes,
  intensiﬁcation
  of
  grazing,
conservation
  tillage
  and
  crop
  rotation
  can
  enhance
  soil
  C
  pools
(Conant
  et
  al.,
  2001;
  Hutchinson
  et
  al.,
  2007;
  Christopher,
  2007;
Paustian
  et
  al.,
  1997).
  However,
  C
  stocks
  in
  grasslands
  decline
with
  overgrazing,
  less
  frequent
  cutting
  and
  invasive
  species
  (Maia
et
  al.,
  2009;
  Elmore
  and
  Asner,
  2006;
  Conant
  and
  Paustian,
  2002;
Ammann
  et
  al.,
  2007;
  Smith
  et
  al.,
  2008).
  C
  stocks
  in
  temperate
grasslands
  increase
  signiﬁcantly
  under
  management
  with
  sin-
gle
  or
  multiple
  improvements.
  Ogle
  et
  al.
  (2004)
  estimated
  an
increase
 in
 SOC
 of
 temperate
 grasslands
 by
 14%
 under
 management
with
  a
  single
  improvement
  (either
  fertilization
  or
  introduction
  of
legume
  or
  irrigation)
  using
  linear
  mixed
  effect
  modeling.
  Man-
agement
  induced
  changes
  in
  C
  stocks
  are
  also
  climate
  dependent
(Ogle
  et
  al.,
  2005)
  with
  higher
  loss
  of
  C
  stocks
  from
  tropical
zones
  compared
  to
  moist
  or
  dry
  temperate
  zones
  under
  long
  term
cultivation.
Intensively
  managed
  and
  fertilized
  grassland
  hold
  higher
  SOC
than
 less
 managed
 grasslands
 (Conant
 et
 al.,
 2001).
 Similarly,
 appli-
cation
 of
 organic
 manure
 increases
 SOC
 stocks
 compared
 to
 mineral
fertilizers
 application
 (Yang
 et
 al.,
 2004;
 Jones
 et
 al.,
 2006).
 Bol
 et
 al.
(2003a)
  also
  observed
  a
  higher
  quantity
  of
  water
  soluble
  organic
  C
to
  a
  depth
  of
  7.5
 cm
  and
  enhanced
  enzymatic
  activities
  with
  slurry
amendment
  compared
  to
  a
  control
  from
  temperate
  grassland
  in
Southwest
  England.
  However,
  grasslands
  treated
  with
  slurry
  are
also
  associated
  with
  increased
  CO2 emissions
  through
  respiration
(Bol
  et
  al.,
  2003b).
Grazing,
  on
  the
  other
  hand,
  accelerates
  annual
  shoot
  turnover,
adds
  organic
  C
  in
  the
  form
  of
  animal
  excreta,
  and
  redistributes
C
  within
  the
  plant-soil
  system
  (Reeder
  and
  Schuman,
  2002;
Franzluebbers
  and
  Stuedemann,
  2003);
  this
  being
  essential
  for
soil
  C
  storage.
  The
  belowground
  biomass,
  dead
  root
  biomass
  and
ﬁne
  root
  productivity
  have
  been
  shown
  to
  increase
  with
  grazing
compared
  to
  un-grazed
  sites
  (Pucheta
  et
  al.,
  2004).
  The
  estimated
return
  of
  ingested
  biomass
  in
  the
  form
  of
  animal
  excreta
  during
grazing
  is
  approximately
  40%
  (Soussana
  et
  al.,
  2004).
  In
  contrast,
exclusion
  of
  grazing
  leads
  to
  immobilization
  of
  C,
  reduced
  growth
of
  ﬁbrous
  roots
  and
  consecutively
  lower
  C
  stocks
  (Reeder
  and
Schuman,
  2002).
  In
  the
  US,
  grazing
  management
  of
  rangelands
is
  estimated
  to
  increase
  C
  stocks
  from
  0.1
  to
  0.3
 Mg
 C
 ha−1 yr−1
(Schuman
  et
  al.,
  2002).
  However,
  grazing
  also
  induces
  CO2 emis-
sions
 due
 to
 increased
 microbial
 activities
 (Pucheta
 et
 al.,
 2004),
 and
increase
 in
 soil
 temperature
 and
 respiration
 resulting
 from
 reduced
leaf
  area
  and
  increased
  penetration
  of
  light
  into
  the
  soil
  surface
(Bremer
  et
  al.,
  1998).
  On
  the
  whole,
  C
  sequestration
  is
  favored
  by
increased
  C
  inputs
  like
  plant
  residues
  and
  below-ground
  biomass,
for
  which
  introduction
  of
  deep
  rooted
  grasses
  are
  decisive
  (Singh,
2008).
 Carbon
 in
 grass
 based
 pastures,
 if
 allocated
 below
 the
 plough
layer,
  is
  protected
  from
  oxidation
  losses
  (Fisher
  et
  al.,
  1994).
The
 effect
 of
 management
 on
 soil
 C
 sequestration
 and
 emissions
in
  cultivated
  grasslands
  of
  agricultural
  systems,
  alone
  or
  coupled
with
 age
 of
 grassland,
 remains
 poorly
 understood.
 This
 study
 aimed
to
  elucidate
  the
  effect
  of
  age
  and
  management
  on
  C
  sequestra-
tion
  and
  emissions
  following
  cultivation
  in
  a
  mixed
  crop
  rotation
through
  the
  analysis
  of
  above
  and
  below-ground
  biomass,
  soil
  res-
piration
  and
  dissolved
  organic
  C.
  We
  hypothesized
  that
  the
  age
and
  management
  practices
  would
  affect
  C
  storage
  and
  emissions
  in
grasslands
  upon
  cultivation.
  Speciﬁcally,
  we
  hypothesized
  that
  (1)
root
  biomass
  would
  increase
  with
  age
  of
  grasslands,
  (2)
  CO2 emis-
sions
  following
  cultivation
  would
  increase
  with
  slurry
  application
and
  age
  of
  grassland,
  but
  still
  with
  a
  net
  storage
  of
  C
  in
  soil
  and
(3)
  CO2 emissions
  following
  cultivation
  of
  grazed
  grassland
  would
exceed
  those
  of
  a
  mowed
  grasslands.
2.
  Materials
  and
  methods
2.1.
  Site
The
  study
  was
  undertaken
  in
  experimental
  site
  Folumgaard
located
 at
 the
 Research
 Centre
 Foulum
 in
 the
 central
 part
 of
 Jutland,
Denmark
  (9◦34 E,
  56◦29 N)
  with
  an
  annual
  mean
  precipitation
  of
770
 mm
  and
  an
  annual
  mean
  temperature
  of
  7.7 ◦C.
  The
  soil
  type
was
  classiﬁed
  as
  Typic
  Hapludult,
  according
  to
  the
  USDA
  Soil
  Tax-
onomy
  System
  (Møberg
  and
  Nielsen,
  1986)
  with
  7.4%
  clay,
  10%
  silt,
81%
  sand
  and
  1.6%
  C
  in
  the
  topsoil
  (0–20
 cm).
  The
  mixed
  crop
  rota-
tion
  was
  established
  in
  1987,
  when
  a
  six-year
  rotation
  (undersown
barley
  –
  grass-clover
  –
  grass-clover
  –
  barley/pea
  –
  winter
  wheat
or
  oats
  –
  fodder
  beets)
  replaced
  cereal
  cropping
  (Eriksen
  et
  al.,
2004).
 In
 2006/2007,
 3-
 and
 4-year-old
 grass-clover
 was
 introduced
in
  the
  six-year
  crop
  rotation
  (undersown
  barley
  – four
  years
  of
grass-clover
  – barley).
  Thus,
  the
  1–4-year-old
  grasslands
  sampled
in
  this
  experiment
  in
  2010
  were
  established
  (undersown
  in
  bar-
ley)
 in
 2006–2009.
 The
 mixed
 crop
 rotation
 contained
 1–4-year-old
grasslands
  in
  a
  replicated
  design
  and
  an
  un-replicated
  permanent
grassland
  (17-year-old).
  Furthermore,
  an
  adjacent
  pea
  ﬁeld
  follow-
ing
  maize
  was
  used
  as
  reference.
2.2.
  Field
  experiment
Experimental
  treatments
  were
  arranged
  in
  a
  block
  design
  with
four
  replications
  and
  a
  plot
  size
  of
  9
 m
 ×
 15
 m.
  Pasture
  mix-
tures
  of
  the
  1–4-year-old
  grasslands
  contained
  a
  basic
  mixture
that
  included
  perennial
  ryegrass
  [Lolium
  perenne
  L.],
  white
  clover
[Trifolium
  repens
  L.]
  and
  red
  clover
  [Trifolium
  pretense
  L.].
  The
  1–4-
year-old
  grasslands
  either
  remained
  without
  slurry
  or
  received
200
 kg
  total-N
  ha−1 in
  cattle
  slurry
  every
  year,
  half
  injected
  in
  April
and
  half
  immediately
  following
  a
  harvest
  in
  late
  May.
  To
  circum-
vent
  K
  deﬁciency
  previously
  reported
  at
  this
  site
  (Askegaard
  et
  al.,
2003),
  a
  K-rich
  organic
  fertilizer
  with
  21%
  K
  and
  16%
  S
  was
  added
to
  all
  plots.
  Thus,
  in
  1–4-year-old
  grasslands
  were
  investigated
  in
a
  factorial
  experiment
  the
  effect
  of
  grassland
  age
  and
  slurry
  appli-
cation.
  Furthermore,
  the
  4
  year
  grasslands
  were
  comprised
  of
  two
additional
  grasslands,
  either
  (a)
  grazing
  of
  the
  basic
  mixture
  or
  (b)
sown
  as
  multiple
  species
  mixture
  for
  mowing.
  The
  treatment
  with
multi
  species
  mixture
  contained
  the
  basic
  mixtures,
  8
  herbs,
  fes-
tulolium
  and
  Lucerne
  [Medicago
  sativa].
  Two
  adjacent
  grasslands
(a)
  a
  17-year-old
  grazed
  grassland
  (white
  clover/ryegrass)
  and
  (b)
an
  unfertilized
  pea
  ﬁeld
  were
  selected
  as
  reference.
  The
  reference
plots
  were,
  however,
  excluded
  from
  statistical
  analysis.
Aboveground
 biomass
 was
 harvested
 4
 times
 in
 3
 m
 ×
 6
 m
 plots:
in
  June,
  July,
  August,
  and
  October
  2010
  by
  cutting
  crops
  at
  5
 cm
stubble
  height.
  The
  biomass
  was
  dried
  at
  60 ◦C
  and
  weighed
  to
obtain
  total
  dry
  matter
  yield
  (DM).
  Biomass
  was
  also
  partitioned
for
  botanical
  composition
  of
  the
  pasture
  mixtures.
2.3.
  Soil
  sampling
  and
  analysis
During
  25th
  October
  to
  27th
  October
  2010
  soils
  were
  sampled
to
  20
 cm
  using
  an
  auger
  with
  an
  inner
  diameter
  of
  2
 cm.
  Each
  repli-
cate
  was
  bulked
  from
  40
  sub-samples
  taken
  randomly
  to
  overcome
soil
  heterogeneity.
  A
  total
  of
  forty
  seven
  samples
  with
  an
  average
weight
  of
  3.5
 kg
  each
  were
  taken
  from
  the
  ten
  treatments
  (three
replicates
  for
  the
  17-year
  old
  grassland).
  All
  samples
  were
  taken
  to
laboratory
 and
 stored
 at
 2 ◦C
 until
 handling.
 Splitting
 of
 soil
 samples
was
  accomplished
  within
  a
  week
  to
  get
  sub-samples
  for
  different
analysis
  as
  shown
  in
  Fig.
  1.
Soil
  samples
  were
  divided
  using
  a
  Rifﬂe
  splitter
  (Fig.
  1)
  to
  obtain
500
 g,
  200
 g
  and
  100
 g
  of
  sample.
  Remaining
  soil
  was
  stored
  at
  2 ◦C
and
  later,
  at
  the
  end
  of
  the
  incubation
  study,
  analyzed
  for
  dissolved
organic
  carbon
  (DOC).
  The
  500
 g
  and
  100
 g
  samples
  were
  used
  toB.S.
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Soil stored at 
2°C 
Fresh Soil 
3.5 kg
Incubation study
100 g 
C, N and water
content           
200 g 
Root extraction       
500 g
Dissolved 
organic C         
8 g 
Dissolved 
organic C        
8 g 
Water content 
80 g 
Fig.
  1.
  Overview
  of
  sub-sampling
  of
  the
  soil.
  Sub-samples
  obtained
  were
  used
  to
recover
  root
  biomass,
  and
  to
  analyze
  CO2 emission
  under
  incubation,
  soil
  carbon
and
  nitrogen,
  water
  content,
  and
  DOC.
determine
  belowground
  root
  biomass
  and
  soil
  respiration
  respec-
tively.
  Gravimetric
  water,
  C
  and
  N
  concentration
  were
  determined
using
 the
 200
 g
 sample.
 Gravimetric
 water
 content
 was
 determined
by
  oven
  drying
  soil
  samples
  for
  48
 h
  at
  80 ◦C.
  Soils
  were
  ball
  milled
and
  analyzed
  for
  C
  and
  N
  concentration
  on
  a
  LECO
  CNS-1000
  ana-
lyzer
  [LECO
  Corporation,
  St
  Joseph,
  MI].
2.4.
  Soil
  respiration
  and
  respirometer
Soil
  samples
  were
  incubated
  ﬁeld
  moist
  containing
  60–65%
  of
water
  holding
  capacity
  and
  the
  water
  content
  was
  maintained
throughout
  the
  incubation
  period
  with
  demineralized
  water.
  The
CO2 evolution
 from
 soil
 samples
 was
 determined
 using
 a
 respirom-
eter
  [RESPICOND
  VI],
  a
  modiﬁed
  version
  of
  apparatus
  described
by
  Nordgren
  (1988).
  CO2 evolution
  was
  determined
  on
  an
  hourly
basis
  under
  incubation
  at
  20 ◦C
  for
  120
  days
  (1st
  November
  2010
to
  3rd
  March
  2011).
  Un-sieved
  soil
  samples
  (100
 g)
  were
  packed
in
  stainless
  steel
  cylinders
  and
  kept
  in
  separate
  plastic
  jars.
  Brieﬂy,
in
  the
  respirometer
  the
  CO2 respired
  from
  the
  soil
  is
  trapped
  in
a
  potassium
  hydroxide
  (KOH)
  solution
  where
  carbonate
  ions
  are
formed
  changing
  the
  conductivity
  of
  the
  KOH
  solution.
  Carbon-
ate
  ions
  posses
  higher
  ionic
  mobility
  compared
  to
  the
  hydroxide
ions
  (Watts
  et
  al.,
  2000).
  The
  change
  in
  conductivity
  is
  measured
over
 platinum
 electrodes
 by
 a
 conductometer
 and
 signals
 are
 trans-
ferred
  from
  conductometer
  to
  computer
  to
  calibrate
  total
  CO2 and
accumulated
  CO2 as
  a
  measure
  of
  respiration.
  The
  apparatus
  was
adjusted
 for
 ﬁnite
 capacity
 of
 KOH
 to
 absorb
 CO2 via
 water
 jet
 pump
and
  dispenser
  (Nordgren,
  1988,
  1992;
  Thomson
  et
  al.,
  2008a,b).
2.5.
  Root
  biomass
Roots
  were
  isolated
  by
  wet
  sieving
  500
 g
  of
  soil
  with
  a
  gen-
tle
  spray
  of
  water
  over
  a
  ﬁne
  mesh
  screen
  of
  125
 m
  sieve,
  with
repeated
  decantation
  to
  remove
  soil
  adhering
  to
  roots.
  Roots
  were
collected
  in
  ﬁnely
  woven
  silk
  organza
  and
  dried
  in
  an
  oven
  at
  70 ◦C
for
  48
 h
  to
  determine
  total
  root
  biomass
  (Rasmussen
  et
  al.,
  2010).
No
  stratiﬁcation
  was
  made
  based
  upon
  root
  length,
  root
  diameter
and
  living
  or
  dead
  biomass.
2.6.
  Dissolved
  organic
  carbon
  (DOC)
At
  the
  end
  of
  the
  incubation
  study
  soil
  samples
  were
  divided
  on
a
  Rifﬂe
  splitter
  to
  obtain
  8
 g
  of
  sample.
  Likewise,
  soil
  stored
  at
  2 ◦C
was
  divided
  using
  a
  Rifﬂe
  splitter
  to
  obtain
  8
 g
  samples.
Water
  soluble
  compounds
  were
  extracted
  by
  shaking
  8
 g
  of
  soil
with
  40
 ml
  of
  1
 mM
  CaCl2 for
  2
 h
  on
  a
  shaker
  at
  200
 rpm
  followed
by
  centrifugation
  at
  5000
 rpm
  for
  20
 min
  and
  membrane
  ﬁltration
(0.45
 mm)
  using
  the
  method
  of
  Marschner
  (2000).
  DOC
  was
  ana-
lyzed
  using
  a
  TOC-V
  analyzer
  (Shimadzu,
  UK).
2.7.
  Statistical
  analysis
Statistical
  analysis
  was
  performed
  for
  1–4-year-old
  experimen-
tal
  grasslands
  across
  the
  effect
  of
  slurry
  application,
  age,
  and
  the
interaction
  between
  age
  and
  slurry
  application.
  Differently
  treated
4-year-old
  grasslands
  were
  also
  analyzed
  separately
  to
  study
  the
effect
  of
  slurry,
  multispecies
  mixture
  and
  grazing
  on
  different
  vari-
ables.
  Data
  were
  analyzed
  using
  the
  General
  Linear
  Model
  (GLM)
procedure
  in
  SAS
  (SAS
  Institute
  Inc.,
  1999)
  and
  means
  were
  com-
pared
  using
  the
  least
  signiﬁcant
  difference
  at
  the
  p
 =
 0.05
  level.
3.
  Result
3.1.
  Aboveground
  and
  below
  ground
  root
  biomass
Aboveground
  biomass
  was
  highest
  in
  1-year-old
  grassland
  with
slurry
  application
  and
  lowest
  in
  4-year-old
  grassland
  without
slurry
  application,
  corresponding
  to
  12,600
 ±
 460
 kg
 DM
 ha−1 and
8900
 ±
 100
 kg
 DM
 ha−1,
  respectively
  (Fig.
  2).
  Overall,
  the
  difference
Fig.
  2.
  Above
  ground
  biomass
  with
  botanical
  composition
  (kg
 DM
 ha−1).
  ‘+’
  Indicates
  slurry
  application
  and
  ‘−’
  indicates
  without
  slurry.
  Values
  are
  means
 ±
 SE
  (n
 =
 2).
  The
different
  letters
  between
  the
  bars
  indicates
  statistically
  different
  ages
  at
  p
 =
 0.05.36 B.S.
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Fig.
 3.
  Root
 biomass
 recovered
 from
 temperate
 grassland
 with
 grass
 clover
 mixtures
(g
 root
 DM
 kg−1 of
  dry
  soil).
  ‘+’
  Indicates
  slurry
  application
  and
  ‘−’
  indicates
  without
slurry.
  Values
  are
  means
 ±
 SE
  (n
 =
 3
  for
  17
  years,
  n
 =
 4
  for
  all
  others).
  The
  different
letters
  in
  between
  the
  bars
  indicates
  statistically
  different
  ages
  at
  p
 =
 0.05.
  The
  bars
with
  different
  capital
  letters
  are
  statistically
  different
  at
  p
 =
 0.05
  within
  the
  different
4
  years
  old
  grassland.
in
  DM
  yield
  was
  small
  within
  the
  grasslands.
  L.
  perenne
  was
the
  dominant
  species
  in
  most
  treatments
  (except
  in
  grassland
with
  multispecies
  mixture),
  signiﬁcantly
  decreasing
  with
  age
(p
 =
 0.02)
  and
  slurry
  application
  (p
 <
 0.0001;
  Fig.
  2).
  Aboveground
biomass
  was
  signiﬁcantly
  different
  (p
 =
 0.04)
  among
  1–4-year-old
grasslands.
  Aboveground
  DM
  yield
  of
  1-year-old
  grasslands
  was
signiﬁcantly
  higher
  than
  remaining
  ages.
The
  highest
  and
  lowest
  root
  biomass
  was
  recovered
  from
  the
17-year-old
  grassland
  and
  pea
  ﬁeld
  respectively,
  corresponding
  to
3.17
 ±
 0.22
 and
 0.81
 ±
 0.094
 g
 root
 DM
 kg−1 of
 dry
 soil,
 respectively;
both
  of
  these
  plots
  were
  reference
  plots
  not
  included
  in
  the
  statis-
tical
  analysis.
  Root
  DM
  from
  4-year-old
  grassland
  was
  signiﬁcantly
greater
  than
  1,
  2
  and
  3-year-old
  grasslands.
  Root
  DM
  in
  1st
  and
  2nd
year
  was
  signiﬁcantly
  greater
  than
  3-year-old
  grasslands.
  Grazed
4-year-old
  grassland
  had
  signiﬁcantly
  greater
  root
  DM
  than
  either
multispecies
  mixture,
  with
  or
  without
  slurry
  application.
  Grass-
lands
  with
  multispecies
  averaged
  0.95
 ±
 0.14
 g
 root
 DM
 kg−1 of
  dry
soil
  (Fig.
  3).
  There
  was
  no
  signiﬁcant
  effect
  on
  root
  DM
  of
  with
  and
without
  slurry
  application
  among
  1–4-year-old
  grasslands.
3.2.
  C/N
  ratio
  in
  root
  and
  soil
  samples
The
  C/N
  ratio
  of
  soil
  and
  root
  samples
  in
  the
  0–20
 cm
  soil
  layer
ranged
  between
  11.5
 ±
 0.3
  to
  12.3
 ±
 0.1
  and
  16.1
 ±
 0.4
  to
  19
 ±
 1.1,
respectively
  (Table
  1).
  There
  was
  no
  signiﬁcant
  difference
  in
  the
C/N
  ratio
  of
  soil
  samples
  among
  1–4-year-old
  grasslands.
  However,
the
  C/N
  ratio
  of
  roots
  from
  1-year-old
  grasslands
  was
  signiﬁ-
cantly
  greater
  than
  3-year-old
  grasslands.
  Slurry
  application
  had
no
  signiﬁcant
  inﬂuence
  on
  C/N
  ratio
  of
  root
  and
  soil
  samples.
  The
most
  signiﬁcant
  effect
  of
  slurry
  application
  was
  evident
  on
  soil
  C
(p
 =
 0.008)
  and
  N
  (p
 =
 0.006)
  content.
3.3.
  Soil
  respiration
Soil
 respiration
 potential
 was
 determined
 after
 simulated
 grass-
land
  cultivation.
  Fig.
  4
  shows
  that
  accumulated
  CO2 increased
non-linearly
  with
  days
  of
  incubation.
  Over
  the
  120
  days
  of
incubation,
  accumulated
  CO2 was
  highest
  in
  the
  17-year-old
  grass-
land
  (4.9
 ±
 1.1
 g
 CO2 kg−1 dry
  soil)
  and
  lowest
  in
  the
  pea
  ﬁeld
(2.5
 ±
 0.2
 g
 CO2 kg−1 dry
  soil)
  (Table
  1).
  There
  was
  no
  signiﬁcant
difference
  in
  CO2 across
  the
  age,
  slurry
  application
  and
  interaction
between
  slurry
  application
  and
  age
  of
  grasslands.
  No
  signiﬁcant
effect
  of
  slurry
  was
  observed
  within
  the
  different
  4-year-old
  grass-
lands
  (Fig.
  4).
3.4.
  Dissolved
  organic
  carbon
  (DOC)
The
  DOC
  content
  in
  stored
  and
  incubated
  soil
  samples
  ranged
from
  19
  to
  25
  and
  24
  to
  27
 mg
 kg−1,
  respectively.
  However,
  we
observed
  no
  signiﬁcant
  difference
  in
  DOC
  content
  of
  stored
  and
incubated
  soil
  samples
  across
  the
  age
  (1–4-year-old
  grasslands),
slurry
  application,
  and
  interaction
  between
  age
  and
  slurry.
  Mean-
while,
  DOC
  content
  increased
  in
  soil
  samples
  incubated
  at
  20 ◦C
compared
  to
  soil
  samples
  stored
  at
  2 ◦C
  (Table
  1).
4.
  Discussion
Grasslands
  have
  received
  considerable
  attention
  for
  their
  C
  sink
capacity
  (Conant
  et
  al.,
  2001),
  but
  they
  are
  dynamic
  and
  release
CO2 as
  a
  response
  to
  management
  practices
  (Soussana
  et
  al.,
  2004;
Ammann
  et
  al.,
  2007).
  The
  capacity
  of
  cultivated
  grasslands
  with
grass-clover
 mixtures
 to
 store
 C
 has
 been
 reported
 to
 lie
 in-between
cropland
  and
  permanent
  grassland
  (Soussana
  et
  al.,
  2004).
  Roots
are
  key
  components
  of
  C
  sequestration
  due
  to
  their
  longer
  res-
idence
  time
  in
  soils
  (Rasse
  et
  al.,
  2005).
  Total
  root
  biomass
  of
1–4-year-old
  grasslands
  recovered
  from
  our
  study
  was
  between
0.8
  and
  3
 g
 root
 DM
 kg−1 of
  dry
  soil
  from
  the
  pea
  ﬁeld
  and
  17-
year-old
  grassland,
  respectively.
  Although
  root
  biomass
  showed
no
  distinct
  trend
  with
  age,
  we
  observed
  that
  the
  4-year-old
  grass-
lands
  had
  signiﬁcantly
  greater
  root
  biomass
  than
  younger
  age.
  The
3-year-old
 grassland
 had
 signiﬁcantly
 lower
 root
 biomass
 than
 oth-
ers
  (Fig.
  3),
  which
  was
  unexpected.
  But
  it
  should
  be
  noted
  that
  root
biomass
  is
  often
  affected
  by
  root
  recovery
  methods
  (Ping
  et
  al.,
2010)
  and
  possibly
  ﬂuctuates
  throughout
  the
  year
  (Pucheta
  et
  al.,
2004).
  Exclusion
  of
  the
  3-year-old
  grasslands,
  however,
  resulted
  in
an
 increasing
 trend
 of
 root
 biomass
 with
 age
 of
 grassland
 (R2 =
 0.85).
Root
  biomass,
  in
  general,
  increases
  with
  age
  of
  grassland,
  because
they
  are
  not
  harvested
  or
  removed
  as
  aboveground
  biomass.
  More-
over,
  perennial
  plants
  in
  grasslands
  have
  different
  rooting
  patterns
and
 root
 C
 and
 N
 allocation
 strategies
 than
 annual
 crops,
 which
 have
a
  continuous
  production
  and
  mortality
  of
  roots.
  Also,
  root
  produc-
tion
  in
  annual
  crops
  occurs
  within
  certain
  growth
  stages
  of
  crops
and
  ceases,
  whereas
  perennials
  have
  a
  more
  continuous
  root
  pro-
duction.
  Root
  biomass
  in
  the
  present
  study
  was
  recovered
  by
  wet
sieving,
  which
  can
  be
  biased
  to
  the
  loss
  of
  ﬁne
  roots
  and
  root
  hairs
(Huss-Danell
  et
  al.,
  2007).
Our
  results
  showed
  that
  within
  the
  different
  4-year-old
  grass-
lands,
  root
  DM
  in
  multi
  species
  was
  signiﬁcantly
  lower
  than
  the
grazed
  grassland
  and
  grasslands
  applied
  with
  or
  without
  slurry.
The
  grassland
  with
  multispecies
  was
  dominated
  by
  lucerne
  (Fig.
  2).
Because
  of
  the
  tap
  roots
  of
  lucerne,
  we
  speculate
  that
  our
  sampling
method
 (auger
 with
 inner
 diameter
 2
 cm)
 did
 not
 capture
 adequate
and
  representative
  root
  biomass
  from
  these
  plots.
  Ping
  et
  al.
  (2010)
also
  measured
  lower
  root
  biomass
  of
  grasses
  mixture
  and
  lucerne,
respectively,
  during
  soil
  sampling
  using
  an
  auger
  compared
  to
  soil
monoliths.
The
  root
  biomass
  from
  4-year-old
  grassland
  with
  grazing
  was
signiﬁcantly
  greater
  than
  cut
  4-year-old
  grassland
  with
  and
  with-
out
  slurry
  application.
  Increase
  in
  root
  biomass
  with
  grazing
  was
reported
  in
  an
  earlier
  study
  by
  Pucheta
  et
  al.
  (2004).
  Pucheta
  et
  al.
(2004)
  recorded
  a
  trend
  for
  greater
  ﬁne
  root
  productivity
  and
  total
belowground
  biomass
  in
  grazed
  sites
  compared
  to
  no
  grazing
  for
grasslands
 in
 central
 Argentina.
 Sites
 with
 no
 grazing
 are
 often
 sub-
jected
 to
 lower
 root
 density
 and
 lower
 development
 of
 ﬁbrous
 roots
(Reeder
  and
  Schuman,
  2002).B.S.
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Table
  1
Soil
  C
  and
  N
  responses
  to
  grassland
  age
  and
  management.
  Values
  are
  means
 ±
 SE
  (n
 =
 3
  for
  17
  years,
  n
 =
 4
  for
  all
  others).
  ‘+’
  Indicates
  slurry
  and
  ‘−’
  indicates
  without
  slurry.
Values
  with
  superscripts
  denote
  statistically
  signiﬁcant
  difference
  at
  p
 =
 0.05
  within
  the
  different
  4-year-old
  grassland
  type.
  See
  text
  for
  signiﬁcant
  effects
  of
  grassland
  age
and
  slurry
  application.
Grassland
  age
  Treatment
  C/N
  ratio
  root
  C/N
  ratio
  soil
  Soil
  C
  DOC
  stored
  soil
  DOC
  incub.
  soil
  Acc.
  CO2
g
 kg−1 (mg
 kg−1 dry
  soil)
1-year-old −Slurry
  17.7
  ±
  0.2
  12.3
  ±
  0.1
  19
  ±
  0.09
  19.6
  ±
  1.3
  25
  ±
  0.8
  3136
  ±
  162
+Slurry
  17.8
  ±
  0.2
  11.5
  ±
  0.3
  20
  ±
  1.35
  23.5
  ±
  1.4
  27.3
  ±
  1.6
  3282
  ±
  338
2-year-old
  −Slurry
  16.8
  ±
  1
  11.9
  ±
  0.1
  20
  ±
  0.02
  20.4
  ±
  0.6
  27.2
  ±
  1.2
  2634
  ±
  322
+Slurry
  16.8
  ±
  0.4
  12.1
  ±
  0.04
  21
  ±
  0.04
  21.7
  ±
  1
  26
  ±
  0.9
  2824
  ±
  222
3-year-old
  −Slurry
  17.1
  ±
  0.3
  12.1
  ±
  0.2
  19
  ±
  0.05
  21
  ±
  0.8
  24.2
  ±
  0.4
  2706
  ±
  499
+Slurry 16.1 ±
  0.4
  12 ±
  0.2
  21 ±
  0.06
  21.4 ±
  2.7
  25 ±
  2
  2703
  ±
  221
4-year-old
  −Slurry
  17.6
  ±
  0.4ab 12.1
  ±
  0.3
  19
  ±
  0.03
  19.2
  ±
  2.1
  26.4
  ±
  0.3
  2564
  ±
  129
+Slurry 17
  ±
  0.2b 12.2
  ±
  0.2
  20
  ±
  0.06
  22.1
  ±
  1.7
  26.3
  ±
  1.2
  2689
  ±
  95
Multi.
  mix
  16.8
  ±
  0.6b 11.9
  ±
  0.2
  19
  ±
  0.04
  22
  ±
  3
  24
  ±
  1
  2729
  ±
  88
Grazed
  19.4
  ±
  1.1a 12
  ±
  0.2
  20
  ±
  0.06
  23.1
  ±
  1.5
  26
  ±
  0.8
  2597
  ±
  175
Pea
  ﬁeld
  17.5
  ±
  0.3
  11.6
  ±
  0.1
  16
  ±
  0.05
  21.2
  ±
  0.5
  22
  ±
  0.8
  2524
  ±
  222
17-year-old 18.1
  ±
  1.1
  11.9
  ±
  0.1
  22
  ±
  0.64
  24.7
  ±
  2.8
  27.3
  ±
  3.5
  4904
  ±
  1088
Fig.
  4.
  Average
  accumulated
  CO2 evolved
  from
  different
  grasslands
  during
  incubation
  at
  20 ◦C
  for
  3
  months
  after
  disturbance
  of
  the
  soil
  caused
  by
  sieving
  (simulated
ploughing).
  ‘+’
  Indicates
  slurry
  application
  and
  ‘−’
  indicates
  without
  slurry.
  LSD
 =
 least
  signiﬁcant
  difference
  (p
 =
 0.05).
Total
  aboveground
  DM
  production
  in
  the
  present
  study
  was
in
  agreement
  with
  the
  ﬁndings
  of
  Høgh-Jensen
  and
  Schjoerring
(2001),
 who
 recorded
 7000
 and
 11,000
 kg
 DM
 ha−1 yield
 of
 ryegrass
community
  grown
  with
  white
  clover
  and
  red
  clover,
  respectively.
Mallarino
  and
  Wedin
  (1990)
  reported
  total
  DM
  production
  of
legumes-grass
  mixtures
  between
  7000
  and
  12,000
 kg
 DM
 ha−1.
  We
observed
  greater
  aboveground
  biomass
  in
  1-year-old
  grasslands
compared
  to
  other
  ages.
  Such
  tendency
  is
  often
  governed
  by
  the38 B.S.
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photosynthetic
  activity
  of
  plants,
  which
  declines
  rapidly
  with
  the
age
  of
  plant
  as
  a
  result
  of
  declining
  stomatal
  conductance
  (Gower
et
  al.,
  1996).
The
  C/N
  ratio
  of
  roots
  of
  1-year-old
  grasslands
  was
  signiﬁ-
cantly
  greater
  than
  3-year-old
  grasslands
  with
  and
  without
  slurry.
This
  disparity
  in
  C/N
  ratio
  of
  roots
  is
  attributable
  to
  the
  botani-
cal
  composition
  of
  the
  grassland
  species.
  The
  notable
  difference
  in
white
  clover
  across
  different
  ages
  may
  have
  affected
  the
  C/N
  ratio
(Fig.
  2).
  This
  stoloniferous
  crop
  contains
  higher
  N
  content
  in
  roots
(Askegaard
  and
  Eriksen,
  2007).
  The
  3-year-old
  grassland
  had
  rel-
atively
  greater
  white
  clover
  composition
  (∼30%
  of
  DM)
  than
  the
1-year-old
  grassland
  (∼20%
  of
  DM),
  which
  provided
  substantially
higher
  N.
  We
  also
  found
  that
  the
  interaction
  of
  age
  and
  slurry
  had
signiﬁcant
  inﬂuence
  on
  the
  C/N
  ratio
  of
  soil.
  Animal
  manure
  has
  a
residual
  effect
  and
  N
  is
  slowly
  released
  to
  be
  available
  for
  plants
  in
later
  years
  (Chadwick
  and
  Chen,
  2002).
  The
  effect
  of
  slurry
  on
  soil
  C
and
  N
  rely
  upon
  the
  quantity
  of
  slurry
  applied,
  and
  mineralization
and
  build-up
  of
  SOM.
The
  DOC
  concentration
  in
  extracts
  was
  in
  agreement
  with
  the
ﬁndings
  of
  Blagodatskaya
  et
  al.
  (2011),
  who
  recorded
  DOC
  of
13–26
 mg
 kg−1 in
  the
  upper
  10
 cm
  of
  soil
  from
  experimental
  grass-
lands
  in
  Germany.
  Although
  we
  observed
  no
  signiﬁcant
  difference
in
  DOC
  concentration
  among
  treatments,
  it
  would
  be
  expected
  that
DOC
  concentration
  declines
  after
  incubation
  of
  soil
  due
  to
  utiliza-
tion
  of
  DOC
  by
  soil
  microorganisms
  (Marschner
  and
  Noble,
  2000).
However,
  we
  observed
  an
  increase
  in
  DOC
  when
  incubated
  at
  20 ◦C
compared
  to
  2 ◦C.
  Temperature
  has
  been
  shown
  to
  inﬂuence
  DOC,
in
  which
  higher
  temperature
  may
  produce
  soluble
  compounds
  and
hydrophilic
  acids
  that
  increase
  the
  DOC
  concentration
  (Christ
  and
David,
  1996).
CO2 emissions
  in
  permanent
  grasslands
  have
  been
  reported
  to
be
  greater
  than
  in
  cultivated
  grasslands
  (Plante
  et
  al.,
  2011).
  Over
the
 120
 days
 of
 incubation,
 we
 observed
 that
 the
 17-year-old
 grass-
land
  showed
  markedly
  higher
  CO2 emissions
  from
  1–4-year-old
grassland
  upon
  cultivation.
  However,
  we
  observed
  no
  signiﬁcant
difference
  in
  accumulated
  CO2 among
  1–4-year-old
  grasslands.
Although
 the
 difference
 in
 age
 among
 grasslands
 may
 have
 been
 too
small
  to
  show
  an
  effect
  (Maher
  et
  al.,
  2010),
  our
  results
  indicates
that
  the
  build-up
  of
  C
  in
  grassland
  soil
  increases
  with
  grassland
age,
  which
  was
  supported
  by
  the
  results
  in
  Franzluebbers
  and
Stuedemann
  (2003).
  No
  signiﬁcant
  difference
  in
  CO2 emissions
was
  observed
  with
  slurry
  application,
  which
  was
  consistent
  with
the
  results
  for
  poultry
  manure
  applied
  in
  grassland
  (Franzluebbers
and
  Stuedemann,
  2003).
  However,
  in
  a
  study
  from
  two
  grass-
lands
  in
  the
  UK
  there
  was
  a
  strong
  correlation
  between
  slurry
incorporation
  and
  CO2 emissions
  (Bol
  et
  al.,
  2003b).
  Our
  study
did
  not
  support
  the
  hypothesis
  that
  grazing
  induces
  higher
  CO2
emission
  and
  thus
  have
  a
  larger
  labile
  C
  pool
  than
  cut
  grass-
lands,
  in
  spite
  of
  the
  grazed
  grassland
  having
  higher
  root
  biomass.
This
  ﬁnding
  is
  even
  more
  surprising
  given
  the
  high
  return
  of
C
  and
  N
  from
  grazing
  animals
  compared
  to
  removal
  of
  plant
biomass
  occurring
  with
  the
  mowing
  treatments.
  Grazing
  has
  been
shown
  to
  increase
  the
  microbial
  population
  due
  to
  increasing
  ﬁne
root
  biomass
  (Pucheta
  et
  al.,
  2004),
  surface
  area
  of
  roots
  (Toal
et
  al.,
  2000)
  and
  deposition
  of
  cattle
  manure
  (Franzluebbers
  and
Stuedemann,
  2003);
  all
  increasing
  soil
  respiration.
  Furthermore,
greater
  amounts
  of
  ﬁne
  roots
  in
  grazed
  grasslands
  would
  addi-
tionally
  be
  associated
  with
  increased
  rhizo-deposition
  and
  root
turnover
  rates
  (Bardgett
  et
  al.,
  1998).
  Hence,
  in
  the
  present
  study
the
  age
  of
  grassland
  was
  more
  important
  than
  other
  management
factors
  in
  inducing
  greater
  root
  biomass
  build-up
  without
  enhanc-
ing
  loss
  of
  C
  via
  respiration
  after
  sward
  plough-in.
  Therefore,
  a
considerable
  C
  sequestration
  should
  be
  expected
  with
  increas-
ing
  grassland
  age,
  although
  the
  effect
  would
  likely
  stabilize
  with
time,
  as
  shown
  by
  the
  greater
  respiration
  in
  the
  17-year
  old
grassland.
5.
  Conclusion
Aboveground
  DM
  yield
  and
  root
  biomass
  were
  signiﬁcantly
affected
  by
  age
  of
  grassland.
  There
  was
  an
  increasing
  trend
  of
root
  biomass
  with
  age
  of
  grasslands,
  when
  excluding
  the
  3-year-
old
  grasslands.
  Our
  study
  did
  not
  support
  the
  hypothesis
  that
  CO2
emissions
  increase
  with
  slurry
  application
  and
  age
  of
  grasslands.
Furthermore,
  above
  ground
  DM
  yield
  and
  root
  DM
  showed
  no
signiﬁcant
  difference
  with
  slurry
  application.
  Similarly,
  there
  was
no
  signiﬁcant
  difference
  in
  CO2 emissions
  between
  grazed
  and
cut
  grasslands.
  Only
  the
  17-year-old
  grassland
  showed
  markedly
higher
  CO2 emissions.
  Because
  CO2 emissions
  following
  cultiva-
tion
  were
  independent
  of
  management
  practices,
  we
  conclude
  that
C
  sequestration
  would
  depend
  to
  a
  greater
  extent
  upon
  the
  age
  of
grassland.
  Quantifying
  the
  role
  of
  these
  grasslands
  should
  include
studies
  on
  other
  greenhouse
  gases
  to
  give
  a
  comprehensive
  pic-
ture
  of
  the
  climate
  change
  mitigation.
  Further
  studies
  across
  larger
variation
  in
  age
  of
  cultivated
  grasslands
  will
  be
  essential
  to
  provide
further
  insights
  into
  the
  effect
  of
  management
  on
  C
  storage
  and
emissions.
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